We present measurements of energy loss and straggling of Si ions in gases. An energy range from 0.5 to 12 MeV/u was covered using the 6 MV EN tandem accelerator at ETH Zurich, Switzerland, and the K130 cyclotron accelerator facility at the University of Jyväskylä, Finland. Our energy-loss data compare well with calculation based on the SRIM and PASS code. The new straggling measurements support a pronounced peak in He gas at around 4 MeV/u predicted by recent theoretical calculations. The straggling curve structure in the other gases (N 2 , Ne, Ar, Kr) is relatively flat in the covered energy range. Although there is a general agreement between the straggling data and the theoretical calculations, the experimental uncertainties are too large to confirm or exclude the predicted weak multi-peak structure in the energy-loss straggling.
Introduction
Swift heavy ions that penetrate through matter experience both energy loss and energy-loss straggling. The electronic energy-loss straggling of heavy ions is well known to show pronounced deviations from Bohr straggling [1]
where Z 1 and Z 2 are atomic numbers of ion and target, respectively, and N x is the number of atoms per unit target area. However, little is known about the systematics of these deviations. One reason being the very scarce amount of available experimental data for energy-loss straggling of heavy ions in various targets [2] . Systematic effects, such as target inhomogeneities, incident-beam energy spread and finite energy resolution also often affect existing measurements, which can lead to erroneous results. This situation is far from satisfying for applications in need of relevant energy-loss straggling data, e.g. ion beam analysis or ion beam therapy, but also makes comparisons with theoretical predictions difficult.
Sigmund et al. [3, 4, 5, 6, 7] have recently made significant progress in understanding the different important contributions to heavy-ion straggling as a function of energy. Theoretically linear straggling (as a result of the interaction with independent target electrons) and non-linear straggling (including bunching of electrons in atoms, packing of atoms in molecules, crystals etc. in addition to charge-exchange straggling in the mean energy loss) contribute to the broadened energy-loss spectrum of the ions [6] . Of these effects charge-exchange straggling can lead in special cases to a strong enhancement over the Bohr straggling. These theoretical considerations indicate even a more complex structure in the energy dependence of heavyion straggling, with the possibility of multiple peaks [5] . The progress in the theoretical understanding of straggling yields reliable predictions that can be compared with the frequently adopted semi-empirical model of Yang et al. [8] .
In order to provide more reliable experimental data for comparison with theory, we performed energy-loss straggling measurements using different ion beams (Si and Kr), energies and gas targets (He, N 2 , Ar, Ne and Kr), which were selected by the guidance of dedicated theoretical calculations [5] . The measurements with Kr beam have been published previously [9] with a reanalysis in [5] . We report here on the measurements with 28 Si beam in the energy range 0.5 − 12 MeV/u 2 performed at two accelerator facilities. We describe the experimental setups, the measured data and analysis, and make finally comparisons with semi-empirical result by Yang et al. [8] in addition to recent calculations by Sigmund et al. [5] . Additionally stopping cross sections for Si in the above-mentioned gases are presented.
Experimental
In order to cover a large energy range from 0.5 to 12 MeV/u we performed straggling measurements with 28 Si beams at two different accelerator facilities using independent measurement techniques: beam energies in the range 0.5 − 2 MeV/u were covered at the 6 MV EN Tandem accelerator at ETH Zurich, Switzerland, and 1 − 12 MeV/u at the K130 cyclotron of the Accelerator Laboratory at the University in Jyväskylä, Finland (JYFL). At ETH Zurich we used an open external gas stripper tube as a windowless gas target followed by energy profile measurement based on a magnetic spectrometer; at JYFL we used time-of-flight (TOF) detectors to determine the energy profile after a gas cell having thin silicon nitride entrance and exit windows. The overlap of measurements at around 1 − 2 MeV/u allowed us to check for any systematic effects that might bias the results at either location. These two setups shall be described in the following sections.
6 MV EN tandem accelerator at ETH Zurich
The 6 MV EN tandem accelerator at ETH Zurich can provide Si beams of a wide range of energies up to approximately 2 MeV/u depending on the terminal voltage and the selected charge state. An external stripper canal served as a windowless gas target that can be filled with various gases (Fig. 1) . It is located after the charge (and energy) selecting electrostatic analyzer (ESA) and close to the object point of the analyzing magnet. To reach a sufficient target thickness, a 70 cm long tube with a diameter of 3 mm was placed inside the existing stripper canal. The gas is supplied at the middle of tube resulting in a triangular pressure profile. This way, a pressure of up to ∼ 2 mbar could be achieved in the middle of the tube without tripping the turbo pumps used for differential pumping. A series of small apertures (0.5 mm and 1 mm diameters) in front and after the stripper reduced contributions from ions scattered on the long tube walls.
The energy-loss profile of the 28 Si ions after passing through the gas was determined by scanning the beam using the analyzing magnet with a radius of 1.1 m over a 0.5 mm slit at the image point. The ions were finally counted in a multi-anode gas ionization detector (GID) that allows the clear identification of the Si ions from possible background ions that might reach the detector. Additionally 30 Si of same energy was periodically injected using the fast sequencing system at the lowenergy magnet. Because of the higher mass 30 Si is deflected less in the analyzing magnet and can be measured in a wide GID with an opening of of 70 mm so that an energy range of ∆E/E = 3.3% can be accepted, which is wide enough for all measured gas pressures. The measurement times of 59 ms for 28 Si and 29 ms for 30 Si were adjusted to have approximately equal count rates in both detectors, based on the natural isotopic ratio, the losses through the narrow slits and the broadening of the beam. This procedure allowed us to monitor the primary beam intensity during the scan and thus measure the beam energy profile independent of intensity changes from the ion source (Fig. 2) . Additionally, deadtime of the detection system had to be considered as it depends on the actual count rate. Because the count rate of the 28 Si changes by 2 − 4 orders of magnitude during the scan over the peak, deadtime is higher at the peak and thus could alter the peak shape. This was corrected by monitoring the measured rate of a fixed-frequency pulser.
For the required energy, the correct charge state had to be chosen. The charge state distribution at energies at the terminal of the tandem accelerator is lower than after the gas target at higher energy. However, because we did also measurements without gas in the gas target ('zero-pressure runs'), we had to pick a charge state that is sufficiently populated in both distributions. We selected a high charge state at the terminal, which is then on the low side of the distribution after the gas cell. E.g. at the 0.51 MeV/u we picked charge state 5+, which means the terminal voltage is 2.4 MV. The mean charge state at the terminal at this energy is 2.7 whereas after the gas target it is 6.6. This leads to a considerably intensity loss. Since we measure straggling only at one less populated charge state, the results might be biased. However, no systematic differences at the energies overlapping with JYFL were observed given the experimental error bars.
Because of the lower energy and the smaller apertures, the angular acceptance is small (0.5 mrad) compared to the JYFL setup with 3 mrad acceptance. As a consequence collisions with small impact parameters leading to large scattering angles are not measured. The effect is most pronounced for the Kr target. However, the critical impact parameter is smaller than the radius of the M shell for all cases except for Kr at low energies (< 2 MeV/u) and thus at our energies the effect is negligible.
K130 cyclotron at the Accelerator Lab JYFL
Measurements in JYFL were performed with a magnetically analyzed incident beam from the K130 cyclotron at energies of 1 to 12 MeV/u, covered in two beam times in 2014 (JYFL experiment A84) and 2015 (JYFL experiment A86), respectively. The energy profile of the ions after the gas cell is measured by the time-of-flight (TOF) technique (Fig. 3 ) similar to our previous experiment (JYFL experiment A75) with Kr beam [9] . Because of the higher energy the pressure in the 241 mm long gas cell needed to be higher (up to 1000 mbar) for sufficient energy loss, and therefore used thin 200 nm silicon nitride membranes 3 as entrance and exit windows. The gas pressure was measured by a piezoelectric manometer with 1% absolute accuracy.
The TOF measurements were based on three thin-film timepickoff detectors of the Busch et al. type [10] , one start and two stop detectors at a distance of 2.139 m and 2.356 m, respectively. Electrons produced in thin carbon foils with a thickness of 10 µg/cm 2 are deflected onto a Multi-Channel Plate (MCP) detector to produce a fast timing signal. These two TOF measurements check for consistency, the Si-detector at the end provides an additional energy signal. The time resolution of both TOF measurements is around 100 ps. TOF spectra were accumulated to reach about 10 6 counts in the peak to minimize uncertainties from peak fitting. Note, the TOF measurements make no selection on the charge state and thus the measured data are from the entire charge state distribution.
Since energy changes at the cyclotron facility required substantial beam time, Al-degrader foils of several thicknesses ranging from 10 to 40 µm were occasionally inserted before two bending magnets to reduce the beam energy in small steps. However, in those runs with the energy degrader the energy distribution of the primary beam (measured without gas in the cell) was slightly higher. Thus in the data analysis we observed higher scatter of the measured straggling data that might be related on how the beam was tuned through the last bending magnet and the gas cell.
Data analysis
In both experiments the energy-loss profile was measured in He, N 2 , Ne, Ar and Kr gases at several gas pressures. Additional measurements were performed without gas to see the primary energy distribution of the beam and in case of JYFL the effect of the silicon nitride windows. Those 'zero-pressure runs' were also used to calibrate the detectors and to determine the effective radius of the magnet at the ETH Zurich setup. The measured momentum spectra (ETH Zurich) and TOF spectra (JYFL), respectively, were converted into energy spectra. An example is shown in Fig. 4 • As discussed in more detail in Ref. [9] we fitted a Gaussian shape to the energy profile; the shift of the centroid between the 'zero-pressure run' and the one with gas in the cell is used to calculate the mean energy loss; straggling was calculated from the FWHM of the fitted profile. Ω 2 is expected to be proportional to the target thickness and therefore, plotting the square of the width against target thickness is a test on the validity of the approximation (Fig. 5) . The ratio of the slope of the linear fit to the data over the slope expected for Bohr straggling gives the ratio Ω 2 /Ω 2 Bohr . Because we determine the straggling ratio only from the slope we did not subtract the measurements without gas (measurements at zero pressure). The width of the zero-pressure measurements include initial beam energy spread, measurement resolution and effects of the entrance windows (at JYFL). We assumed that these contributions are independent of the pressure in the gas cell and thus it simply introduces an offset in the relation Ω 2 vs. target thickness.
At the ETH Zurich setup the effective target thickness was determined by the energy loss of the Si ions using the stopping power of SRIM-2013 [12] . This was compared to the value ob- Figure 5 : Ω 2 vs gas pressure of measurements of 28 Si at 5 MeV/u in several gases. The solid lines are linear fits to the measured data; the dashed lines are the expected slope from Bohr straggling. The width of 'zero-pressure' runs is not subtracted, thus the offset of the fits represents the width from beam energy spread, measurement resolution and straggling in the gas cell windows. Measurements were performed at JYFL.
tained from the central pressure and integrating over the pressure profile along the beam path, which agreed within 20%. At the JYFL the target thickness was calculated from the absolute pressure measurement, the target length and the temperature of 300 K. This allowed us furthermore to determine the stopping cross sections.
Experimental uncertainties were derived from the Gaussian fits and the linear regression to determine the slope. A minimal uncertainty of Ω 2 /Ω 2 Bohr of 5% was assumed. Since the energy degrader runs at JYFL showed larger scatter we increased the error bar of Ω 2 /Ω 2 Bohr at those energies by a factor of 2 to account for that scatter. Likewise a minimal error of 5% was assumed for the stopping cross section S .
Results and discussion

Stopping cross sections
The stopping cross sections S were extracted from the measurements at JYFL from the difference of the peak positions between the runs at different pressures in the gas cell. The target thickness was directly determined from the gas pressure. A comparison of the experimental data with the curve of the empirical interpolation code SRIM-2013 [12] and the PASS code [11] is shown in Fig. 6 and in Table 1 .
In general the agreement between data of the two beam times and SRIM-2013 is very good except for the data of He and Kr at the lowest energy (1.16 MeV/u; see Fig. 6 ). Also the prediction by the standard PASS code (with Hartree-Fock atomic wave functions used for calculating shell corrections) agrees very well above 2 − 3 MeV/u for gases N 2 , Ne, Ar and Kr. In He gas the direct PASS output significantly underestimates the stopping cross section, however if double excitation and ionization [13] is included, the agreement is excellent. The effect of double ionization and excitation is, however, very small for the other gases as it decreases rapidly with target atomic number [13] .
Without further measurements it is not clear whether the lower measured values at the lowest energy for He and Kr (Fig.  6 ) are an artefact of measurement with the energy degrader or the peak of the curve is less pronounced than SRIM-2013 predicts.
Energy-loss straggling
Figures 7 show our experimental results for the energy-loss straggling of Si in He, N 2 , Ne, Ar and Kr gases. The recent theoretical calculations by Sigmund et al. [5] are also shown together with the empirical interpolation formula of Yang et al. [8] . The data are also summarized in Table 1 .
The system Si-He (Figures 7) shows a pronounced peak around 4−5 MeV/u. The width (3−7 MeV/u) and the amplitude (Ω 2 /Ω 2 Bohr ∼ 40) is similar to the calculated peak by Sigmund et al. [5] with a peak position at 3 MeV/u, in contrast to the curve according to Yang et al. [8] which exhibits a broader maximum. Overlap of the data taken at ETH Zurich and JYFL at 1 − 2 MeV/u shows an excellent agreement within experimental uncertainties between the two measurement setups. There is also good agreement of data at the peak (4 − 5 MeV/u) between different measurement times at JYFL. Larger scatter in the data is observed at higher energies (around 10 MeV/u) where the straggling enhancement is less and thus more difficult to measure precisely with the current setup. The theoretical curve by Sigmund et al. [5] shows an increase below 1 MeV/u towards lower energies which is not supported by our data (although there is only a single data point in this energy region). Clearly, more data in that energy region would help to clarify the situation.
The other systems investigated (Si in N 2 , Ne, Ar and Kr) show a relatively flat energy dependence in the straggling, which again agrees qualitatively better with the curves calculated by Sigmund et al. [5] than with Yang et al. [8] . In general the straggling enhancement with a maximal Ω 2 /Ω Fig. 7 ) tend to result in higher Ω 2 /Ω 2 Bohr values compared to measurements done with direct beam. Those values should be taken with caution and might represent an upper limit. Thus the current measurements can neither confirm nor exclude the weak structure seen in the straggling curves (Si in N 2 , Ne, Ar and Kr) by Sigmund et al. [5] .
Conclusions
We measured energy loss and straggling of Si ions in gases in the energy range of 0.5 − 12 MeV/u. For the first time, a sharp energy-loss straggling peak could be measured in the system Si-He that was predicted by recent theoretical calculations by Sigmund et al. [5] . The strong and narrow enhancement over Bohr straggling is different from the shape of the Yang straggling [8] and a direct consequence of chargeexchange straggling. In the other investigated gases (N 2 , Ne, Ar and Kr) a much weaker energy dependence was found which is in good agreement with the new theoretical calculations that show such a weak structure. This structure could not be resolved with the current uncertainties of the measurement. In order to demonstrate the predicted multi-peak structure in the energy-loss straggling either higher measurement precision is needed (which is difficult to achieve with the current setup) or one has to look for another beam-target combination that shows a pronounced peak similar to Si-He [7] . [12] and PASS [11] . For He gas the corrected PASS curve is also shown that includes double excitation and ionization [13] . 
